Abstract-With the penetration of distributed generations into distribution network, more distribution automation will be required. Therefore, smart grid technologies become more important aspect in electric power system. Real-time monitoring of the network is a main step to achieve smart grid technologies. Hence, distribution state estimation becomes more essential for real-time monitoring of traditional distribution network. This paper addresses a distribution state estimation method to achieve smart grid technologies in a traditional distribution network. It will involve exploring distribution state estimation method with minimum number of real-time measurement devices. Therefore, pseudo measurements are applied to address the limitation of the number of real-time measurements. In addition, by incorporating load model, state estimation results are improved and enhanced. In this paper, dynamic aspect of distribution state estimation has been developed for smart grid purposes. The proposed distribution state estimation results are justified with PSCAD/EMTDC software to verify and validate the system state variables.
INTRODUCTION
Nowadays, the advances in monitoring equipment, communications and computing technologies have opened the opportunity for smart network development of distribution system. In addition to this, the continuous penetration of Distributed Generations (DGs) [1] also leads to the development of smart grid application for effectively control and operate the system. In the near future, the distribution system will be operating as an active network with penetration of DGs [1] . An active distribution network needs to use information and communication technologies to achieve smart grid concept. According to the Energy Department of United State, a smart grid uses information and communication technology to collect data and make a decision for best operation condition.
From smart grid point of view, system state monitoring is crucial and important. In the current practice, system state is obtained from Supervisory Control and Data Acquisition (SCADA) system. The control center of the network collects the system state of an electric power system through remote terminal units (RTUs), for the processing and decision making. Data transmitted to the control center should be accurate and reliable enough for controlling a power system. In order to have a reliable and accurate system state, the utilities need to upgrade their SCADA system and install more real-time measurements. However, the application of SCADA for distribution system is limited and only available for selected area. Moreover, in conventional operation of distribution network, real-time information is very limited to monitor the whole system at each point due to financial constraints. Hence, this issue could be addressed by using State Estimation (SE) method.
Ever since the introduction of State Estimation (SE) by F.C. Schweppe in the late of 1970 [2] [3] [4] , various techniques have been proposed to solve a SE [5] [6] [7] [8] [9] . A statistical SE algorithm estimates the voltage magnitudes and angles and power flow at each node by using the real-time measurements, network data and load data [10] . A fundamental static state estimation algorithm by utilizing Weighted Least Square (WLS) method is presented in [11] . In this paper, WLS method is implemented based on singular value decomposition in contrast with the normal equation. A state estimator based on voltage and current waveform measurement, multiphase model and synchronized measurement is presented in [12] . Afterwards, the three phase state estimation is achieved by implementing least square method for radial distribution system [13] .
Although there are various SE methods, they were not developed to address the limitation number of real-time measurement devices in traditional distribution network. Furthermore, most of the SE methods were developed for transmission system, which has plenty number of real-time measurement as compared to distribution system. Number and placement of real-time measurements are very important to identify the accuracy of estimation [14] . Implementation of SE in distribution network can be utilized for automation and control. Hence, enables an electric utility dispatcher to remotely monitor distribution components in a reliable and optimal mode [8] .
Considering the limitation of the SE, this paper proposes an improved DSE method which will estimate an operation point of a traditional distribution system based on limited number of measurements. Pseudo measurements as bus power injections are applied in proposed DSE to solve the limitation number of measurements. Pseudo measurements data can be obtained from load forecasting, historical data or other approximation methods. In addition, customer loads such as domestics, commercials and industrials are modeled in this proposed method to calculate an accurate value of active and reactive power consumptions. The proposed scheme is implemented to a Malaysia's existing distribution network that consists of two small units of hydro generation connected in parallel to the grid. The proposed DSE has been validating in PSCAD/EMTDC software to test its ability for dynamic application.
II. DISTRIBUTION STATE ESTIMATION CONSTRAINS
The continuous penetration of DGs in distribution system leads to the needs effective control and operate the system. To achieve this status, distribution network needs to use information and communication technologies to collect realtime data in order to make a decision for best operation condition. Therefore, utilities are expected to implement efficient monitoring devices to obtain an accurate state of the system. In order to develop distribution networks, many other automated meters, distribution SCADA and Distribution Management System (DMS) need to install in distribution level. Although, these technologies will be expected to setup in distribution level, the numbers of real-time measurement devices are very few due to high cost of these devices. On the other hand, the state estimation function of the transmission level cannot be directly implemented to the distribution level due to differing operation and structure philosophy. The major state estimation function differences between the transmission and distribution levels are summarized as follows:
The transmission network is an interconnected network with mesh topology, in contrast to the radial topology of a distribution network.
The number of monitoring devices in a distribution network for preparing real-time data is limited in contrast to a transmission network, so there are not sufficient devices to provide system observability.
The radial structure of a distribution network and low reactance/resistance ratio of the line create further limitations for the state estimation function.
According to these differences, the SE of the transmission level cannot be implemented into the distribution level. Therefore, the proposed DSE is introduced in this paper to estimate the system state of a distribution network.
III. PROPOSED DISTRIBUTION STATE ESTIMATION METHOD
The overall concept of proposed method is illustrated in Figure 1 . It is presented the state estimation function at distribution network with their corresponding data acquisition. The proposed SE flowchart for distribution network is illustrated in Figure 2 . In the proposed method active and reactive power consumption will update within iterations. In this method, nodal voltage based for the DSE algorithm incorporating load modeling is proposed. It is different from the previous research in the following two major areas:
The sparsity problem of Jacobian matrix in traditional distribution network is solved by implementing customer load estimation or pseudo measurements as an active and reactive power injection at the system buses.
The proposed method incorporates load modeling to find the correct amount of active and reactive power which is related to voltage of the system. In reality, load values are dependent on voltage and system frequency.
In a power system including distribution and transmission system, the global measurement vector is indicated by Z. For an N-bus power system with m measurements, assume r an error vector to be standard Gaussian that has a zero mean and variance σ. Let i be the index of the measurements. The measurement equation is formulated in (1).
Where; Z i is the vector of measurements, x is the state vector, h i (x) is the measurement matrix of the nonlinear function, r i is the measurement errors vector.
Then, the measurement residual vector can be defined and formulated in (2).
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By applying the WLS method, it will minimize the objective function as describe in (3). 
Where;
, σ m 2 is the variance of the m th measurement error.
The best solution of the state vector x can be achieved by the solution of the following equation;
It is calculated to reflect the expected accuracy of the corresponding meter. In (4), the G(x) is called the Gain matrix; it can be defined and formulated in (5) . Solving the equation (4) The proposed DSE method is based on voltage measurements. The calculated values are used to construct the measurement matrix, h(x), in order to solve the (4). Since realtime information is very limited in a conventional distribution system, the state estimator cannot attain convergence. Therefore, pseudo measurements are needed to assist convergence of the state estimator for distribution network. The pseudo measurements are used at some buses where measurements not available.
In the proposed algorithm, the entire static load model can be implemented as presented in (6) and (7).
In these equations, P i0 and Q i0 is the nominal power at the rated voltage. For this model, P i0 and Q i0 are normally taken as the values at initial system operating condition.
In the proposed DSE, the load values are updated during every iteration. When the proposed DSE converge, the obtained state of the system can be used for smart grid applications such as islanding operation and energy management.
IV. TEST SYSTEM
The test system is illustrated in Figure 3 . It consists of 34 buses, 26 lumped loads with 2 mini-hydro generators of 2 MVA with 2.5 (s) of inertia constant are operated at 3.3 kV. Both mini-hydro generators are connected on main bus bar and supplies power to distribution network. The mini-hydro generators are connected to the distribution network through two parallel units of 2 MVA transformers to step up the voltage level to 11 kV. The distribution network is connected to grid through a step down transformer rated 132 kV/11 kV. This test system is modeled using PSCAD/EMTDC.
The DSE is based on three measurements at main substation to measure active and reactive power flow. In this test system, the outputs of the main feeders are measured for state estimation purposes. These feeders are connected to the bus numbers 1 to 31, 30 to 13 and 30 to 27. The real-time measurements are installed to monitor the voltages at bus 30 and bus 31. The real-time measurements also monitored the active and reactive power injections of the aforementioned feeders. The measurement accuracy is assumed to be 1%, which is based on practical data [14] . For other buses, pseudo measurement (based on historical data) data with 25% error are used to estimate power injection. In this section, the results of proposed DSE method and real-time measurements data are compared. The simulation study was carried out in two different conditions; 1) Steady state analysis and 2) Dynamic by varying some loads. In this simulation, static load model is applied to model all load in the system. It should be noted that the actual value is shown by dashed line style and the estimated value is presented by solid line style.
1) Steady State Condition
In this case study, the distribution network is in a steady state condition. Table I shows some example of the actual and estimated value obtained from the proposed DSE. In general it can be observed that the value is of the actual and estimated is close to each other. The overall estimated voltage magnitude and angle are presented in Figure 4 and Figure 5 , respectively. The result obtained from PSCAD/EMTDC software is also plotted in the same figures to compare the accuracy of the estimated state.
In general, it can be observed that the estimated value of DSE is close to the actual value with small variation. For voltage magnitude and angle accuracy, the average variation error of overall buses are 0.003959 and 0.005948 respectively. Exception is for bus 1, where the estimated state is equal with the PSCAD/EMTDC value. This occurs due to real-time measurement device is installed in this bus. Furthermore, bus number 1 is selected as reference bus. Different scenario however occurs at bus 30 although real-time measurement is installed. There is a small difference between estimated with actual value, which are 0.4042%. The reason behind this is that the algorithm tries to minimize the overall error at each bus as describe in (3). Nevertheless, for practical application the measurement value should be used instead of the estimated one. Figure 6 and Figure 7 shows the comparison between actual and estimated values for active and reactive power load at each bus, respectively. Overall the estimated value of proposed method is closely followed the actual value. The average variation error for active and reactive powers are 0.015056 and 0.011209, respectively. 
2) Dynamic Condition
For the test system considered, sudden changes in system loads is simulated. Load values are illustrated in Table II . Active power estimated of DSE method and active power data of real-time measurements are presented in this table. These data have been presented for load changes in distribution network. Bus numbers 5, 6, 7, 8, 9 and 19 have been selected randomly in order to show the effectiveness of proposed DSE method for dynamic conditions. Estimated and actual values of active power consumption are illustrated before load changing and after load changing. Active power loads at aforementioned buses are changed at time t = 3 seconds.
The value of active power errors in percentage for each bus is also calculated in Table II . It can be observed that the variation of error value is small before and after load changing. Figure 8 shows an active power changing at selected buses. In this figure, the behavior of active power of DSE method and real-time measurement for duration of simulation study is presented.
It should be noted that the execution time periods of the proposed DSE are equal to 0.009467 seconds using a personal PC (3.06 GHz CPU, 3 GB RAM). 
